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We report on a picosecond-fast optical removal of spin polarization from a self-confined photo-
carrier system at an undoped GaAs/AlGaAs interface possessing superior long-range and high-speed
spin transport properties. We employed a modified resonant spin amplification technique with
unequal intensities of subsequent pump pulses to experimentally distinguish the evolution of spin
populations originating from different excitation laser pulses. We demonstrate that the density of
spins, which is injected into the system by means of the optical orientation, can be controlled by
reducing the electrostatic confinement of the system using an additional generation of photocarriers.
It is also shown that the disturbed confinement recovers within hundreds of picoseconds after which
spins can be again photo-injected into the system.
PACS numbers: 72.25.Dc, 72.25.Fe
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I. INTRODUCTION
Magnetic random access memory (MRAM) bits1 and
spin Hall effect transistors2 are examples of two different
conceptual approaches to spintronic devices whose func-
tionality requires different spin-conserving length-scales.
The operation of MRAM bits is based on a vertical trans-
fer of spins through a nm-thin layer in a “sandwich-
like” layered structure.3 In spin-logic devices, however,
spins have to be manipulated (by electric gates, for in-
stance) before they reach the drain electrode which calls
for a lateral design rather than the vertical geometry.4–6
Orders of magnitude larger spin-conserving length-scale
is, therefore, needed in the spin-logic devices due to the
typical dimensions of the order of a µm of lateral struc-
tures fabricated by the electron-beam lithography.2,7–9
The desired high-rate operation of the devices implies
an additional requirement on a fast spin transport over
this length scale. The criteria for the simultaneously
long-range and high-speed spin transport are not sat-
isfied in a majority of standard systems, including n-
doped bulk semiconductors10–12 or (001)-grown quantum
wells13, due to their limited spin mobility or spin life
time, respectively. Another critical parameter which lim-
its the operation rate of a spin-logic device is the speed of
spin manipulation. While the spin injection and detec-
tion can be a fast process (for instance by means of the
optical orientation14 and magneto-optical probing13,15),
a fast removal of the spin polarization from the system
is a much more challenging task.
In this paper, we show experimentally that the elec-
tronic spin polarization can be removed from a transport
channel of a self-confined system in a picosecond time-
scale using a control optical pulse which reduces the level
of its confinement. We demonstrate this novel functional-
ity in an optically generated self-confined system formed
at an undoped GaAs/AlxGa1−xAs heterointerface where
the spin transport meets the other key requirements of
high speed and long range, as reported recently in Ref. 16.
In addition, we show that the confinement of the trans-
port layer is recovered after the removal of the spin po-
larization within a few hundreds of picosecond. Combin-
ing all these favorable characteristics, we obtain a unique
candidate system for the development of the spin logic
concept in semiconductors.
Our study was performed by a modified resonant spin
amplification (RSA) technique10 using unequal intensi-
ties of neighbouring pump pulses which enables us to
probe simultaneously the time evolution of mixed spin
populations created at different time instants. This
scheme also allows us to generate the spin polarization
by a lower intensity pulse in a well controlled way with-
out disturbing the confinement, then to reduce it by a
high intensity pulse, and eventually to read it by a probe
pulse.
The paper is organized as follows: First, we describe
the studied structure and explain the mechanism of the
creation of the long-lived electronic spin sub-system and
show its fingerprint in a magneto-optical (MO) signal.
Then we describe the modified RSA technique with un-
equal intensities of subsequent pump pulses. In the
following sections, we discuss our experimental results
demonstrating the fast optical control of spin polariza-
tion. Finally, in appendices, we provide additional infor-
mation on our experimental setup and an estimate of the
impact of the disturbed confinement on the spin polar-
ization.
2II. STUDIED SYSTEM
A. Sample composition
The studied long-lived and highly mobile electron spin-
system is self-confined near the upper GaAs/AlxGa1−xAs
interface in an undoped heterostructure.16 This spin sys-
tem is formed in a wide range of x-composition and layer
thicknesses as a consequence of the spatial separation of
optically generated electron-hole pairs in a built-in elec-
tric field due to surface states. In this paper, we use the
optimal Al composition, x = 0.4, and the most simple
layer composition shown in Fig. 1(a). A 100 nm thick
undoped Al0.4Ga0.6As barrier was deposited by a molec-
ular beam epitaxy on a top of an insulating GaAs buffer
and a GaAs substrate. The barrier was then covered by
another undoped 800 nm thick GaAs layer where the con-
fined electron sub-system is formed, as explained below.
B. Creation of electronic sub-system
The process which usually limits the spin lifetime τs in
undoped structures is the electron-hole recombination.10
The origin of the unusually long τs measured in our un-
doped sample is the suppression of the recombination
spin decay channel due to the presence of a long-lived
sub-system of photo-generated excess electrons. This ef-
fective optically generated doping is possible due to the
spatial separation of photo-generated electrons and holes
in the built-in electric field. If we consider our structure
in dark, charged residual bulk and surface states pin the
Fermi level near the valence band16 which causes a band
bending and, thus, an electric field across the structure
– see Fig. 1(b), solid curves. When the sample is illumi-
nated from the surface side, photo-electrons and photo-
holes are generated. If the structure did not contain the
barrier, the photo-carriers would migrate in the built-in
electric field, fill all the charged states and compensate
fully the electric field. However, because of the AlGaAs
barrier, the free migration between the layers above and
below the barrier is obstructed and the full compensation
of the field is not possible (dotted curves). The residual
built-in electric field leads to a formation of a steady-
state optically excited electronic system near the up-
per GaAs/AlGaAs interface, depicted by the quasi-Fermi
level in Fig. 1(b). Due to the minimal spatial overlap be-
tween electrons and holes, the carrier recombination is
suppressed. The long-lived system created this way can
be viewed as an effective (optically generated) local n-
doping which suppresses the spin decay channel via the
carrier recombination and allows for the observed long τs,
similarly as in n-doped GaAs samples10,11. The process
is described explicitly in Sec. V; a more detailed discus-
sion with its experimental confirmation can be found in
Ref. 16 and its Supplementary information.
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FIG. 1. (Color online) (a) The layer structure of the stud-
ied sample (the sample surface, on which the light is inci-
dent, is on the left side). (b) The energetic diagram of the
conduction and valence bands before (solid curves) and af-
ter the illumination (dotted curves). The Fermi level EF is
pinned to the edge of the valence band due to the negatively
charged surface states (the square with the minus sign) and
ionized unintentional bulk impurity states (squares with the
plus sign) and the band banding results in a built-in elec-
tric field. After the illumination by light with photon energy
hν = 1.52 eV, the photo-created electrons (circle with the let-
ter e) and holes (circle with h) are driven by the built-in elec-
tric field and spatially separated (arrows). This process com-
pensates partially the electric field and leads to a formation
of a steady-state long-lived electron sub-system near the up-
per GaAs/AlGaAs interface, depicted by the quasi-Fermi level
EQF . The electron-hole overlap is minimal in the sub-system
which suppresses the recombination and allows for long spin
lifetime τs. (c) The measured dynamics of magneto-optical
Kerr signal (points) with fits by Eq. 1 (solid curves). The data
measured in the corresponding samples at 10 K, B = 500 mT,
hν = 1.52 eV, and 14 µJ·cm−2 were multiplied or divided by
the indicated factors and vertically shifted for clarity. The
non-zero signal for ∆t < 0 in the sample with the AlGaAs
barrier is a signature that τs in the electron sub-system ex-
ceeds the time spacing between the neighbouring pump laser
pulses t0, which is 12.5 ns in this particular case. Inset: The
measured dynamics of the differential reflectivity (points) for
the sample with the AlGaAs barrier. The depicted recombi-
nation time τ was inferred from an exponential fit (curve).
3C. Time-resolved magneto-optical detection
The presence of the steady-state long-lived electronic
spin system in the studied sample is revealed by the
magneto-optical (MO) pump-and-probe experiment; we
use the optical orientation and the MO Kerr effect for
spin injection and detection, respectively, as described
in detail in Appendix A and Fig. 5. In Fig. 1(c) we
show the data measured in the sample with the localized
electronic sub-system and in two reference samples us-
ing laser pulses with a repetition frequency of 80 MHz,
i.e., a time-spacing between neighbouring laser pulses
t0 = 12.5 ns. Clearly, the presence of the AlGaAs bar-
rier is essential for the achievement of the long spin life-
time. In fact, even without any quantitative analysis,
the presence of the MO signal at negative pump-probe
time delays ∆t (i.e., the fact that the spin signal induced
by a previous pump pulse did not decay to zero before
the impact of an another pump pulse) immediately in-
dicates that τs >∼ t0 = 12.5 ns. For comparison, the
typical recombination time τ is of the order of hundreds
of picosecond in the undoped GaAs.
The fitting of the data provides a more precise deter-
mination of τs as shown in Fig. 1(c). By applying the
model for the total MO signal presented in Ref. 16 (i.e.,
Eq. 1 for m = 0, 1 and A0 = A1 = A below) on the data
[solid curves in Fig. 1(c)] we deduced τs ≈ 16 ns which is,
indeed, more than two orders of magnitude larger than
the carrier recombination time τ ≈ 70 ps, inferred from
the dynamics of the differential reflectivity measured in
this sample. From the dependence of the fitted oscil-
latory (Larmor) frequency on applied magnetic field we
inferred the g-factor of magnitude 0.45 ± 0.01, confirm-
ing that the spin-carriers are free electrons.17 In the bare
GaAs substrate and the undoped epitaxial GaAs on the
substrate, the spin lifetimes are more than two orders of
magnitudes shorter – 350 ps and 70 ps for the substrate
and epitaxial GaAs, respectively. This agrees well with
the observed τ in the sample with the barrier and with
typical values reported for undoped bulk GaAs where the
spin lifetime of spin-polarized photo-carriers is limited by
their recombination time and where τ is typically at the
time-scale of 100’s of ps are reported.10,13,18
We point out that the MO detection technique enables
us to separate signals coming from different parts of the
studied sample. In particular, a proper selection of the
probe detection wavelength enhances the sensitivity to
the detected MO signals originating from the localized
electronic sub-system (see Appendix A, Ref. 16 and its
Supplementary information for more details). Thanks to
this, the measured MO dynamics is not dominated by
contributions of short-lived spins generated in the bulk
despite their much a higher density [see Fig. 1(c)].
III. RSA TECHNIQUE WITH UNEQUAL
INTENSITIES OF SUBSEQUENT LASER PULSES
In our case, when the electron spin lifetime is longer
than the time separation between adjacent pump laser
pulses, the measured MO signal is a sum of signals com-
ing from spin populations photoinjected by pump laser
pulses at different times. The separation of these signals,
which is difficult to infer from a time domain measure-
ment, can be performed straightforwardly by the RSA
technique10 that is schematically depicted in Fig. 2(a).
The total Kerr signal S(∆t, B) can be expressed as
S(∆t, B) =
∑
mΘ(∆t+mt0)Ame
−(∆t+mt0)/τs
× cos [gµBB (∆t+mt0) /h¯] , (1)
where Θ(x) is the Heaviside function that guarantees that
only the previous pulses contribute to the total signal and
m = 0, 1, 2 . . . is the index of the m-th preceding excita-
tion pulse. Am is the initial amplitude of the Kerr signal
at the instant of creation of the respective spin popula-
tion by the m-th pulse (for equal intensities of all exci-
tation laser pulses, Am = A is the same for all m). The
term gµBB/h¯ is the Larmor frequency due to the exter-
nal magnetic field B applied in the sample plane where
g, µB and h¯ are the g-factor corresponding to the stud-
ied system, Bohr magneton and reduced Planck constant,
respectively.
As follows from Eq. 1, if ∆t is fixed and B is varied
instead, two spin populations created by two subsequent
excitation pulses contribute to the total Kerr signal with
different oscillatory frequencies. This is due to a dif-
ferent time elapsed from the instant of the photoinjec-
tion of the corresponding spin populations [see Fig. 2(a)].
Consequently, the signal amplitudes corresponding to the
different modulation frequencies are connected with the
number of spins in these two populations. Therefore,
one can probe simultaneously the time evolution of many
mixed spin populations created at different instants by
measuring the RSA curves at several ∆t.
The standard implementation of the RSA technique
is based on an utilization of a train of laser pulses with
equal intensities.10 Here, on the contrary, we use a train
of laser pulses where each second laser pulse has a sig-
nificantly lower intensity using a non-ideally working
pulse picker - see Fig. 2(b) and Appendix A. The lower-
intensity laser pulses create a localized spin population at
the GaAs/AlGaAs interface without disturbing the self-
confinement, as discussed in Section II B. A spin popu-
lation created in such a way is already saturated with
respect to the laser fluence, as can be seen in the inset
in Fig. 4(a). This spin population serves as a probe of
the influence of the much stronger (unattenuated) laser
pulse which is incident on the sample at ∆t = 0 ps. We
note that this modified RSA technique with unequal in-
tensities of neighbouring laser pulses is, in certain sense,
using the same idea as ordinary pump-probe experiment
where a weak probe pulse is used to measure the changes
induced in the sample by a strong pump pulse.
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FIG. 2. (Color online) (a) A schematic depiction of the reso-
nant spin amplification technique (RSA). If the decay of spin
population exceeds the time-spacing between neighbouring
laser pulses, the MO signal measured for a given value of
a time delay ∆t is a sum of (at least) two signals. Inset: De-
pendence of MO signal for a fixed value of ∆t on external
magnetic field B. (b) A schematic illustration of the train
of femtosecond laser pulses where each second laser pulse has
a significantly lower intensity (in our case at least 30-times)
due to the non-ideally working pulse picker which does not
remove completely the laser pulse depicted by a dotted line
(see Appendix A for more details).
IV. RESULTS
In Fig. 3 we show the results of our modified RSA tech-
nique for several values of time delays measured on the
studied sample (see Sec. II A). For ∆t = 500 and 150 ps,
we can identify two signals with distinct frequencies - the
larger signal oscillating with a smaller frequency corre-
sponds to the spin population photoinjected by an unat-
tenuated pulse at ∆t = 0 and the smaller signal oscillat-
ing with a larger frequency corresponds to the spin popu-
lation photoinjected by a reduced-intensity pulse at ∆t =
t0 = −12.5 ns. On the other hand, for ∆t = −400 ps
[Fig. 3(e) and (f)] we see only one precession frequency
because only the spin-population photoinjected by the
reduced-intensity pulse is present in the sample for this
time delay, which is in agreement with the deduced value
of the spin lifetime τs ∼ 16 ns< 2t0 = 25 ns. Moreover,
a strong reduction of the spin-population photoinjected
by the reduced-intensity pulse due to the impact of the
unattenuated pulse is immediately apparent from a com-
parison of the oscillation amplitudes in Fig. 3(f) and (d).
To visualize this effect more clearly, we have fitted the
measured data (see Fig. 3) by Eq. 1 for m = 0 and 1.
If there were no disturbing effects of the incident laser
pulses, the time delay-dependent amplitudes Am(∆t)
should follow the exponential decay due to the electron
spin relaxation
Am(∆t) = Ame
−(∆t+mt0)/τs (2)
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FIG. 3. (Color online) Results obtained by the RSA tech-
nique using a train of laser pulses where each second laser
pulse has a significantly lower intensity. The experimentally
measured data (black lines) were measured at ∆t = 500 ps
(a,b), 150 ps (c,d) and −400 ps (e,f); the right column show
zoom views of the data marked by grey rectangles in the left
column. The fits of the data by Eq. 1 for m = 0 and 1 are
plotted by the green (grey) curves. All data were measured
at 10 K using laser fluence 140 µJ·cm−2 and time separation
of unattenuated pulses of 2t0 = 25 ns.
for m = 0 and 1 according to Eq. 1. However, as illus-
trated in Fig. 4(b), A1(∆t) does not follow the depen-
dence expected from Eq. 2, which is shown by the red
dotted curve in Fig. 4(b). Instead, the impact of the
unattenuated pulse reduces it almost instantly, within
∆t < 6 ps, to one half of its value. Following this, the
decrease of A1 then slows down and it saturates at ∼ 1/4
of the original value within ∼ 1 ns. Naturally, the ampli-
tude A0(∆t) is zero for ∆t < 0 but, more interestingly,
no spin population is injected to the sub-system within
the first 6 ps after the laser pulse impact. In fact, it takes
tens of picoseconds before the spin population starts to
increase [Fig. 4(a)] and it saturates slowly on a nanosec-
ond time-scale.
We completed our time-resolved experiments with a
time-averaged measurement of the nuclear spin polariza-
tion due to the presence of spin polarized photocarriers.
The experiment is described in detail in App. B. By mea-
suring the change of the Larmor frequency of electronic
spins, we determined the effective magnetic field Bn gen-
erated by spin polarized nuclei which adds to the exter-
nal magnetic field. We used Bn of completely saturated
5FIG. 4. (Color online) Time evolution of spin populations
photoinjected by laser pulses. (a) Amplitude A0(∆t) gener-
ated by the unattenuated pulse at ∆t = 0 ps. (b) Amplitude
A1(∆t) generated by the diminished pulse at ∆t = −12.5 ns.
The red dotted curve depicts the expected exponential spin
decay if no disturbing effects of the incident laser pulses is
assumed (Eq. 2). Insets: (a) The dependence of A1 on the
fluence measured at ∆t = −250 ps. Due to a very weak (and
not known precisely) intensity of the suppressed laser pulses,
the x-scale is expressed in terms of the intensity of the unat-
tenuated laser pulses, which is used to label the excitation
conditions throughout the paper. (b) A zoom of data for
small time delays with a calculated decay of spin population
which would correspond to the electron-hole recombination
with τ ≈ 70 ps (black dashed curve). The experiment was
performed at 10 K using laser fluence 140 µJ·cm−2 and time
separation of unattenuated pulses of 2t0 = 25 ns.
nuclei to estimate the time-average degree of spin po-
larization of electrons Pe = (n+ − n−)/(n+ + n−) with
respect to the average density n+ or n− of electrons with
their spin oriented parallel or antiparallel to the propaga-
tion vector of excitation light, respectively. We inferred
Pe ≈ 18 % and nuclei charging time ≈ 60 minutes.
V. DISCUSSION
In the previous section we have shown experimental
data demonstrating that a strong excitation pulse trig-
gers a very fast reduction of the existing spin population
A1. In the following text we discuss possible mechanisms
that can be responsible for this observation.
First, we describe the processes which take place if a
train of circularly polarized laser pulses is absorbed in
an n-type doped bulk semiconductor. Due to the opti-
cal orientation, each laser pulse excites a non-equilibrium
population of spin-polarized electrons and holes which re-
combine with a time constant τ . Thanks to the presence
of equilibrium electrons in the conduction band, which
are provided by the doping, a certain fraction of the
photo-injected holes recombines with these pre-existing
electrons. Consequently, the remaining photo-injected
spin-polarized electrons can maintain their spin for time
τs significantly exceeding τ .
10,11 For τs larger than the
spacing between the adjacent laser pulses t0, the result-
ing electronic spin population is always partially reduced
by an impact of the following laser pulse due to a recombi-
nation with photo-injected holes and new spin-polarized
electrons are added, which is leading to a periodic spin
renewal.
In our sample, the observed fast reduction of the
spin population A1 [to ≈ 50% of the initial value in
time < 6 ps as shown in the inset in Fig. 4(b)] can-
not be explained by the recombination of the existing
electrons with the photo-injected holes. This is because
we observed experimentally that τ = 70 ps [see the in-
set in Fig. 1(c) for the transient reflectivity decay mea-
surement], a value consistent with the literature10,13,18.
Moreover, a recombination of electrons would free some
states in the studied self-confined sub-system, which are
nearly fully occupied by electrons for our experimental
conditions [see the saturation behavior of the MO signal
with the pump intensity in the inset in Fig. 4(a)]. Con-
sequently, the fast reduction of A1 due to a recombina-
tion of electrons should be accompanied by an increase of
newly injected population A0 into the sub-system, which
is not the case (see Fig. 4(a) where A0 ≈ 0 for ∆t = 6 ps).
Another possible mechanism, which could in principle
reduce A1 without a decay of the electron concentration,
is the spin relaxation process. The most efficient mecha-
nism in GaAs at low temperatures, especially in confined
systems, is the Dyakonov-Perel (DP) spin dephasing.19
Indeed, the DP mechanism can be the origin of a fast
spin relaxation with τs of tens or even units of ps in sys-
tems with a strong confinement such as remote-doped Al-
GaAs/GaAs heterointefaces or quantum wells (see, e. g.,
Ref. 13 and references herein). However, we observe ex-
ceptionally long τs ≈ 16 ns which is a signature of a weak
confinement and an inefficient DP dephasing in the stud-
ied sample.16 The photoexcitation of carriers due to the
absorption of an intense excitation pulse can be expected
to weaken the confinement [see Fig. 1(b)]. Moreover, the
eventual pump-induced fluctuations of the confinement
would lead to a further decrease of the DP efficiency due
to the motional narrowing19,20 and, thus, it would lead
to a further increase of τs. Overall, this rules out the DP
and other less efficient spin-relaxation mechanisms as a
cause of the fast decay of A1.
We attribute the observed phenomenon to a removal
of the spin-polarized electrons from the self-confined elec-
6tron sub-system. This is due to the pump-induced dis-
turbance of the confining potential and, thus, to a reduc-
tion of the density of available states in the sub-system.
The confinement is a self-consistent process which de-
pends strongly on boundary conditions and local charge
distribution and can be disturbed by a high density of
photo-injected charges.16 When the confining potential
is modified by the additional carriers in the bulk GaAs,
the excess electrons move from the sub-system to the bulk
[see Fig. 1(b)]. Therefore, they do not contribute signifi-
cantly to the measured MO signals, which were optimized
for the sub-system detection as discussed in Sec. II C and
in more details in App. A. In the following tens and hun-
dreds of picoseconds, the electrostatic confinement starts
to recover due to a continuous decay of photo-carriers in
the bulk via their recombination and, consequently, addi-
tional states become available in the sub-system. These
new states and the states made available by a partial
recombination of A1 electrons with the photo-injected
holes are subsequently filled by spin-polarized electrons
from the bulk. This results in an increase of the spin-
polarized population A0 within ≈ 300 ps (see Fig. 4).
To sum up, this experiment revealed that the spin po-
larization can be periodically “erased” from the superior
highly mobile spin-transport layer in times < 6 ps and re-
generated again in hundreds of picoseconds. This defines
the constraints for the high-rate operation of spin-logic
devices based on this structure.
A side effect of this functionality is an unideal renewal
of the spin system due to the incomplete decay of A1
and other possible perturbations of the spin system. This
leads to a decrease of the degree of spin polarization Pe
which is practically achievable in the sub-system. Ideally,
each absorbed laser pulse should generate Pe ≈ 50% at
the instant of absorption21. If a material with τs ≈ 16 ns
is excited by a train of circularly polarized laser pulses
with a repetition rate of 80 MHz it should lead to time-
average Pe ≈ 36% when this unideal renewal is not con-
sidered. Experimentally, we obtained Pe ≈ 18% that
shows, indeed, a visible but not dramatic reduction of
the spin polarization.
VI. CONCLUSION
Long-range and high-speed spin transport together
with fast spin manipulation are the keystones of high-
operation-rate spin-logic devices. In this paper we
show that the fast spin removal functionality can be
added to a superior spin-transport channel in undoped
GaAs/AlxGa1−xAs heterointerfaces using absorption of
optical pulses. By employing a modified resonant spin
amplification technique with unequal intensities of neigh-
bouring laser pulses we demonstrated that spins can be
removed from the high-performance self-confined system
in a picosecond timescale by optical manipulation of the
densities of carriers in the system. This is achieved by
reducing the degree of confinement due to the photo-
injection of carriers in this region. It was also observed
that the recovery of the confinement occurs in a few hun-
dreds of picoseconds. The demonstrated functionality
which allows for a fast periodic erasing and regenerating
of the electronic spin polarization in a long-range and
high-speed spin-transport layer makes the system an ex-
cellent candidate for fast spin-logic devices. Since these
superior properties should be, in principle, common for a
larger variety of self-confined semiconductor structures,
the present finding can open new perspectives for spin-
logic applications.
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Appendix A: Experimental setup
The used time-resolved spin-injection and de-
tection method relies on the pump-probe (P&P)
technique22. The spin-injection is realized using the op-
tical orientation14 by the circularly polarized excitation
laser pulse and the spin-detection is done by measuring
the polarization rotation of the linearly polarized probe
pulse via the magneto-optical polar Kerr effect15.
A schematics of the experimental setup is shown in
Fig. 5. A mode-locked Ti:sapphire laser (Mai Tai,
Spectra Physics) with a repetition rate 80 MHz (i.e.
a time separation between neighbouring laser pulses t0 =
12.5 ns) was set to wavelength λ = 815 nm, close to the
bandgap of GaAs at low temperatures.23 The generated
∼ 100 fs laser pulses were splitted to pump and probe
pulses and their fluence was adjusted by neutral density
filters (their intensity ratio at the sample was typically
10:1). A time delay between pump and probe pulses ∆t
was controlled by a delay line from -0.5 ns to 3.5 ns. The
laser pulses were focused by a converging 10D lens on
the sample to ∼ 25 µm-sized overlapped spots. Unless
explicitly mentioned otherwise, the angles of incidence to
the sample surface were < 1◦ and ≈ 7◦ for the pump and
probe beams, respectively. The sample was mounted in
an optical cryostat at temperature of 10 K and placed
between the poles of an electromagnet that provided in-
plane magnetic field up to B = 500 mT oriented in the
plane of light incidence. The MO signal corresponding
to the probe polarization rotation and the differential re-
flectivity were measured as a difference and sum signal
in the optical bridge, respectively.24
7A pulse picker (PP) can be inserted to the setup at the
position marked by “PP” in Fig. 5. A PP is essentially
an electrically controlled acousto-optical modulator that
transmit only certain pulses and block all the others. The
PP in MO experiments usually used in order to deter-
mine precisely the spin lifetime from MO time-resolved
signals in systems where the spin polarization decay time
exceeds the time separation t0 between the neighbouring
laser pulses. The dilution of laser pulses achieved by the
PP is characterized by a so-called divider ratio n which
describes that the time separation between neighbouring
pulses is increased to nt0. However, in the case of our
experiments, we employed the PP in order to modulate
the intensity of pulse train instead of the selection of ev-
ery n-th pulse. This is possible thanks to the unideal
efficiency of the pulse suppression by the PP. We veri-
fied experimentally, that the diminished laser pulses has
intensity suppressed at lest 30-times, which is the detec-
tion limit given by the noise level in our measurement
with a fast photodiode, with respect to that of the unat-
tenuated ones. The diminished laser pulses create the
spin-polarized population in the sub-system which is al-
ready saturated with respect to the laser fluence [see the
inset in Fig. 4(a)]. This means that all states which are
available in the confined system are already filled by the
diminished excitation pulse.
The polar Kerr efect, which is the origin of the detected
probe polarization rotation in our sample, changes a sign
around the semiconductor bandgap - see inset in Fig. 1 in
Ref. 25. Consequently, if spectrally broad laser pulses are
used, which is the case for our ∼ 100 fs long laser pulses
(with a spectral bandwidth of ∼ 10 nm), the measured
MO signals can be positive, negative or even close to zero
depending of the mutual spectral position of the laser
pulse and the MO spectrum. If more than one MO-active
system with a distinct MO spectrum is present in the
sample, the fine tuning of the probe pulses can be used
to enhance or suppress the sensitivity of the detected MO
signal to the system of interest. This is the reason why
the spins photoinjected to the bulk region outside the
confined sub-system, which are rather short-lived, do not
significantly contribute to the MO signals shown in this
paper, which were optimized with respect to the confined
electron sub-system - see Fig. 1(c) and Fig. 4(a). More
discussion about this can be found in the Supplementary
information in Ref. 16.
Appendix B: Estimate of degree of electron
spin-polarization from nuclear polarization
measurements
In semiconductors whose nuclei carry a magnetic mo-
ment, like GaAs, the degree of spin-polarization of elec-
trons, Pe, can be transferred from electrons to nuclei via
the hyperfine interaction. The evolution of the degree of
polarization of nuclei Pn in the laboratory time t follows
D
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pump
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P
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PP
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GL
FIG. 5. (Color online) A Schematic depiction of the used
P&P magneto-optical setup. Femtosecond laser pulses were
splitted by a beam splitter (BS) to pump and probe pulses
with a delay line (DL) controlled mutual time delay (∆t). The
required polarization state of laser pulses was set using a com-
bination of polarizers (P) and waveplates (λ/2 and λ/4) and
they were focused by a single lens (L) on the sample (S) placed
in a cryostat. The reflected probe pulses were collimated by
another lens and their polarization rotation was measured by
an optical bridge based on a Glan-Laser (GL) polarizer an
a pair silicon photo-diode detectors. The difference electrical
signal was processed by a lock-in amplifier at a modulation
frequency f of the optical chopper (CH). External magnetic
field B was applied in the sample plane by an electromag-
net (EM). Optionally, the pulse-picker (PP) can be used to
increase a time separation between neighbouring laser pulses.
the exponential function26–28
Pn(t) ∝ Pe
(
1− e−t/Tn
)
, (B1)
where Tn is the characteristic time of the electron-nuclear
hyperfine coupling, which is usually of the order of
minutes26–29 (i.e., much longer that the electron spin re-
laxation time). Consistently with the main text, we use
the standard definition of the degree of polarization,19
P = (n+ − n−)/(n+ + n−), with respect to the density
n+ or n− of spin-carriers with a spin oriented parallel or
antiparallel to the quantization axis (propagation vector
of the circularly polarized excitation beam).
As the nuclei are getting polarized, they generate a
nuclear magnetic field, Bn = bn 〈Pn〉, that adds to the
external magnetic field B. Here, bn = −8.5 T is the
magnetic field that would be generated by fully spin-
polarized nuclei and Pn = PnIˆ is the vector of nuclear
spin-polarization oriented along the unit vector of the nu-
clear spin Iˆ. When Pn achieves its saturation value for
t≫ Tn, Bn can be expressed using Pe as
30,31
Bn = fb
∗
n
B ·Pe
B2
B, (B2)
where the vector Pe = Pesˆ is oriented along the unit vec-
tor of the electronic spin sˆ (Pe = 1 for fully spin-polarized
electronic system), b∗n = −8.5 T is the effective magnetic
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FIG. 6. (Color online) (a) Time-resolved MO signal mea-
sured on the sample whose nuclei have been spin-polarized
by a long term exposure to light with the helicity σ+. The
curves and the corresponding labels indicate the laboratory
time during which the sample was illuminated by light with
the helicity σ−; the curves were vertically shifted for clar-
ity. The vertical lines emphasize the variation of the pre-
cession frequency due to the varying nuclear magnetic field.
Data were measured for the time separation between neigh-
bouring pulses nt0 = 12.5 ns, excitation fluence 14 µJ·cm
−2,
sample temperature T = 10 K, and external magnetic field
B = 500 mT. (b) The dependence of Btot = B + Bn on lab-
oratory time for excitation by helicities σ− (open symbols)
and σ+ (closed symbols) measured on the sample whose nu-
clei have been spin-polarized by a long term exposure to light
with the opposite helicity. The curves are the fits by Eq. B3.
The vertical arrow depicts the saturated value of 2Bn.
field generated by a spin-polarized nuclei32 and f ≤ 1 is
a phenomenological leakage factor30 that takes into ac-
count possible processes of nuclear spin-relaxation other
than the hyperfine coupling with electrons. Usually, it
is reported fb∗n ≈ −0.85 T.
27,30,33,34 Eq. B2 holds for
B ≫ 1 mT when the nuclear dipole-dipole interactions
are negligible. Consequently, if the angle between B and
Pe is known, the value of Pe can be inferred from the
measured value of Bn.
In our experimental setup, the angles of incidence to
the sample surface were < 1◦ and ≈ 7◦ for the pump
and probe beams, respectively (see Appendix A). How-
ever, the polarization of nuclei happens only if there is a
non-zero component of the optically injected spins in the
direction of the magnetic field, lying in the sample plane
in our experimental configuration (see Eq. B2). So, the
angle between B (the sample plane) and Pe (the direc-
tion of the pump beam) has to be different from 90◦ - i.e.,
the angle of incidence of the pump beam has to be non-
zero for an efficient polarization of the nuclei. To achieve
this, we exchanged the role which the optical beams play
in our setup (see Fig. 5). Consequently, the angle of in-
cidence of the pump beam in this configuration was ≈ 7◦
and the range of accessible time delays was shifted to
∆t = 9− 13 ns.
Since the spin transfer from electrons to nuclei via the
hyperfine channel is a rather slow process whose char-
acteristic time Tn is of the order of minutes or tens of
minutes,26–29 the process of nuclei polarization can be
measured directly in the laboratory time. As an ex-
ample, in Fig. 6(a) shows a sequence of time-resolved
MO signals measured for σ− pump helicity at depicted
times after a long term sample exposure to light with
the helicity σ+. Clearly, we observe a gradual change
of the precession frequency Ω = gsµBBtot/h¯ due to the
increase of the total magnetic field Btot = B + Bn ex-
perienced by spin-polarized electrons. In Fig. 6(b) we
show the values of Btot inferred from the fits of mea-
sured dynamics as a function of the laboratory time for
both helicities of pump pulses. We observe that the nu-
clear polarization saturation occurs after t ≈ 60 minutes.
This time is roughly one order of magnitude longer than
the values reported in literature for n-doped GaAs (with
n ≈ 2 − 5 × 1016 cm−3).27,29 Considering that charg-
ing times longer than tens of minutes are reported in
undoped GaAs,28 these data suggest a low density of the
spin-polarized electron sub-system in agreement with the
concentration of the order of ∼ 1015 cm−3 which was de-
termined experimentally for this sample in Ref. 16.
Following Eq. B1, the precise value of Bn of the satu-
rated nuclear polarization, which is depicted as a vertical
arrow in Fig. 6(b), can be determined by fitting the de-
duced values of Btot for both helicities by
Btot(t) = B
±
tot ± C
±e−t/T
±
n . (B3)
Here, B±tot are the saturation total magnetic fields for the
excitation with σ±, C
± are the corresponding amplitudes
of the charging process, and T±n are the characteristic
times. We note that Bn is parallel or antiparallel to B
with respect to the excitation by σ+ and σ−. Consider-
ing the error bars, the fits give Bn = (B
+
tot − B
−
tot)/2 =
5.1± 0.5 mT and the average Tn = (13± 1) minutes. Fi-
nally, the degree of electron spin-polarization Pe ≈ 18%
is determined using Eq. B2 and by considering the re-
fraction of the pump light inside the GaAs sample due
to its the refractive index of n = 3.67 at λ = 815 nm.
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